Introduction
COPD is a common, progressive pulmonary disease characterized by persistent airflow limitation. 1 The leading risk factor for COPD is extended inhalation of noxious particles or gases, usually from cigarette smoking, although pollution and occupational Current COPD guidelines recommend treating symptomatic, stable COPD patients with inhaled long-acting bronchodilators, such as a long-acting β 2 -agonist (LABA). 10 For the prevention of acute exacerbations in patients at risk for exacerbations, especially those with COPD-related hospitalizations, guidelines recommend the use of an inhaled corticosteroid (ICS) in combination with inhaled long-acting bronchodilators. 11 Selection of the specific pharmaceutical agent and delivery mechanism is left to the prescribing clinician based on patient preference, cost, and adverse effect profile.
For home use, inhaled COPD medications are most commonly delivered using either a dry powder inhaler (DPI) or a pressurized metered-dose inhaler (pMDI). These devices can be challenging to use for some patients, with administration errors commonly occurring and potentially resulting in inadequate dose delivery. 12, 13 Each delivery system has requirements and limitations, making appropriate device selection and education a critical component of COPD care. 10, 14 Poor technique for various inhaler devices can be addressed with educational interventions; however, effective device usage is also dependent on patient physical characteristics. 15 For example, a systematic review found that 45% of pMDI users had suboptimal hand-breath coordination for optimal drug delivery. 16 Coordination limitations can be addressed by the use of holding chambers or spacers; 17 however, errors in handling, execution, and breath technique are still common. 16 Effective drug delivery via a DPI requires that the patient generates levels of inspiratory flow sufficient to overcome the resistance of the device. 18 In other words, the energy required to aerosolize a DPI medication comes from the user, and adequate DPI medication delivery relies on proper technique, sufficient effort from a patient, and a lack of medical conditions that might otherwise prevent adequate inspiratory flows. Importantly, peak inspiratory flow needed for DPI administration is often limited by lung hyperinflation, especially after an acute exacerbation. Recent studies of peak inspiratory flow after recovery from an acute exacerbation found that 19%-52% of COPD patients had insufficient peak inspiratory flow for effective DPI use, and those patients were more likely to be older and have more severe disease. [19] [20] [21] Successful delivery of medication is required to achieve the desired benefit of reduced exacerbation and hospitalization frequency. 22 Poor inhalation technique has been estimated to increase direct medical costs of COPD by 2.2%-7.7%. 23 A randomized controlled trial of inhaled ICS/LABA combination therapy of fluticasone propionate/salmeterol xinafoate (FP/SAL) found no difference in clinical benefit between patients using a DPI or a pMDI. 24 However, patients enrolled in clinical trials are subject to strict inclusion criteria, receive more consistent training in inhaler use and are excluded if they are unable to effectively use a study device, have had a recent exacerbation, or suffer from very severe lung disease. In a real-world, retrospective matched cohort observational study of 236 patient pairs treated with a 500 µg/day dose of FP/SAL, those using a pMDI had fewer moderate-to-severe exacerbations compared with those using a DPI at equivalent dosage. 25 This retrospective claims-based study examined realworld differences in all-cause and acute exacerbation of COPD (AECOPD)-related readmission rates within 30 and 60 days of discharge after hospitalization for an AECOPD among patients in the USA treated with an ICS/LABA combination delivered via DPI or pMDI. Treatment groups were also compared based on all-cause and COPD-related health care resource use (HRU), such as inpatient admissions, emergency room (ER) visits, outpatient office visits, and the associated costs. Results will provide much-needed evidence on the association between different types of inhaled medication delivery devices and health care outcomes in a real-world setting. 
Methods

Data sources
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health care outcome differences between COPD patients data for its respective covered population and together forms a nationally representative sample of insured individuals living in the USA.
Ethics approval and informed consent
All study data were accessed with protocols compliant with US patient confidentiality requirements, including the Health Insurance Portability and Accountability Act of 1996 regulations (HIPAA). As the database is fully de-identified and compliant with the HIPAA, this study was exempted from Institutional Review Board approval.
Patient selection criteria
To be eligible for the current study, patients were required to have at least two nondiagnostic claims with a diagnosis of COPD (ICD-9-CM: 490.xx-492.xx and 496.xx; ICD-10: J40, J41.0, J41.1, J41.8, J42, J43.0, J43.1, J43.2, J43.8, J43.9, J44.0, J44.1, and J44.9) between January 1, 2010, and April 30, 2016, and at least one prescription claim for an ICS/ LABA combination therapy during the same period. Eligible therapies include budesonide and formoterol, fluticasone furoate and vilanterol, FP/SAL, and mometasone and formoterol. Patients had to be aged $40 years on the date of the first prescription claim for an ICS/LABA combination therapy, which must have been within 10 days after an inpatient discharge with a primary diagnosis of an AECOPD (ICD-9-CM: 491.21, 491.22, and 492.8; ICD-10: J44.1). The date of the prescription was set as the index date, and the date of the hospital discharge was set as the index discharge date.
Patients were required to fill a prescription for an ICS/ LABA combination therapy dispensed by either a DPI or a pMDI, but not both, on the index date. Patients were required to have at least 15 months of continuous enrollment with medical and pharmacy benefits (12 months prior and 90 days following and including the index date). Patients were excluded if they had an asthma diagnosis during the 12-month preindex period or a diagnosis of cystic fibrosis, pulmonary fibrosis, bronchiectasis, or respiratory tract cancer anytime during the study period. Finally, patients with a prescription claim for any tiotropium medication within 90 days before or on the index date were excluded. Patients were not excluded based on short-acting β-agonist (SABA) usage in either the pre-or postindex periods, as these medications are commonly prescribed as rescue medications. 5 
Outcome measures
All-cause and AECOPD-related readmissions within 30 and 60 days after the index discharge date were assessed for all patients. Results were reported as the proportion of patients with one or more readmissions by the selected time point and as the time to the first readmission after the index discharge date.
All-cause and COPD-related HRU and costs were measured during both the 12-month pre-index and the 90-day postindex periods. HRU was reported for inpatient admissions, ER visits, physician office visits, outpatient laboratory and radiology services, outpatient prescriptions, and other outpatient services. Costs were calculated based on the paid amounts for adjudicated claims including portions paid by both insurers and the patient. All costs are reported as per person per month (PPPM) and were adjusted to 2016 US dollars using the medical care component of the consumer price index. 26 
Demographic and clinical characteristics
Patients' demographic characteristics were assessed on the index date and included age, age group, sex, geographic region, insurance plan type, payer type, and rural residence indicator. Urban or rural residence classification was based on whether the primary subscriber's address was located within a metropolitan statistical area.
Clinical characteristics were assessed during the 12-month preindex period and included the Deyo-Charlson comorbidity score, selected comorbid conditions (acute bronchitis and bronchiolitis, anxiety, asthma, cardiovascular disease, acute myocardial infarction, congestive heart failure, ischemic stroke, depression, diabetes, gastroesophageal reflux disease, hypertension, osteoporosis, osteoarthritis, and pneumonia), COPD severity indicators (hospitalization days due to AECOPD, pulmonologist visits, SABA prescription fills, and oral corticosteroid prescription fills), respiratory treatments (oxygen therapy, nebulizer use, and COPD medications), and medications for other common chronic conditions (antihypertensive, diabetes, and lipid-lowering medications).
statistical analyses
Patients were segmented by their index device for all analyses. Descriptive statistics was calculated for demographics, clinical characteristics, and all outcome measures. For continuous variables, the mean and SD were calculated, with statistically significant differences between device groups assessed via Student's t-test. For categorical variables, the counts and percentages were calculated, with statistically significant differences between device groups assessed via Chi-squared test. The alpha level for all statistical tests was 0.05. 
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Wittbrodt et al Logistic regression models were built to assess the association between inhaler type and binary outcomes including all-cause and AECOPD-related readmissions within 30 and 60 days in the postindex period. Cox proportional hazards models were used to assess the association between inhaler type and time to readmission (all-cause and AECOPD related) within 30 and 60 days of the index discharge date. Generalized linear models with gamma distributions were used to assess the association between inhaler type and costs (all-cause and AECOPD related) during the postindex period. The vector of covariates included in all models were as follows: age, sex, geographic region, insurance plan type, rural residence indicator, preindex myocardial infarction, preindex ischemic stroke, preindex SABA prescription, number of preindex AECOPD-related inpatient days, preindex experience with the index inhaler type, and number of preindex pulmonologist visits.
Results
Baseline patient characteristics
A total of 3,046 patients were eligible for study inclusion, with 64.3% (n=1,960) prescribed a DPI, and 35.7% (n=1,086) prescribed a pMDI ( Figure 1 ). Demographic characteristics as assessed on the index date are listed in Table 1 . DPI and pMDI groups did not differ with respect to age or sex, with approximately 46% of the sample being male and 53% aged 65 years or older. The majority of patients lived in urban areas (79%), and they were insured by a Medicare supplemental plan (55%). There were slight differences in the type of coverage between groups (±2%, P,0.01), with pMDI users being more likely to have comprehensive/indemnity, health maintenance organization, or consumer-driven/highdeductible health plans.
Clinical characteristics in the 12-month preindex period are listed in Table 1 . Both cohorts had a mean Deyo-Charlson any ICs + laBa, ICs alone, laBa alone, or saBa medication delivered via DPI/pMDI. Abbreviations: aeCOPD, acute exacerbation of COPD; CDhP, consumer-driven health plan; DPI, dry powder inhaler; ePO, exclusive provider organization; hDhP, high deductible health plan; hMO, health maintenance organization; ICs, inhaled corticosteroid; laBa, long-acting β 2 -agonist; pMDI, pressurized metered-dose inhaler; POs, point of service; PPO, preferred provider organization; saBa, short-acting β-agonist. comorbidity index of 2.4 and also a similar prevalence of the measured comorbid conditions, except for a higher prevalence of acute myocardial infarction in the DPI cohort (4.0% DPI vs 2.3% pMDI, P,0.05) and a higher prevalence of ischemic stroke in the pMDI cohort (1.7% DPI vs 2.8% pMDI, P,0.05). Rates of prescription medication fills for common chronic conditions (hypertension, diabetes, and high cholesterol) were similar for both groups. A significantly larger proportion of pMDI users filled a SABA prescription during the preindex period (36.4% DPI vs 40.1% pMDI, P,0.05), but otherwise there was no significant difference in respiratory treatments. Patients prescribed a pMDI had significantly more hospitalization days due to AECOPD (3.7±2.5 DPI vs 4.0±2.9 pMDI, P,0.02) and more outpatient pulmonologist visits (1.6±3.8 DPI vs 1.9±4.1 pMDI, P,0.05) in the preindex period. The pMDI group was significantly more likely than DPI users to have preindex experience with their index device type (4.8% DPI vs 37.8% pMDI, P,0.0001).
Baseline all-cause and COPD-related HRU and costs are listed in There was no significant difference in the frequency of all-cause or AECOPD-related readmissions within 30 days of discharge or all-cause readmission within 60 days of discharge between DPI and pMDI groups ( Table 4 ). The bivariate analysis suggested that the pMDI group experienced a longer time to a COPD exacerbation-related hospital readmission within 30 days postdischarge compared to DPI patients (P,0.05).
Results of logistic models of hospital readmissions, controlling for patient demographics and clinical characteristics, revealed that pMDI patients were 28% less likely to experience a COPD exacerbation-related hospital readmission within 60-day postdischarge compared to DPI patients (OR: 0.72, 95% CI: 0.52-0.99, P,0.05; Table 4 ). Kaplan-Meier plots for the time to 60-day all-cause and AECOPD-related readmissions are shown in Figure 2 . Results of a Cox proportional hazards model confirmed that the time to AECOPD-related readmission within 60 days was significantly different between groups after multivariate adjustment (HR [pMDI vs DPI]: 0.73; 95% CI: 0.54-0.99). Increased age was associated with a greater likelihood of all-cause and COPD-related hospital readmissions in all models, whereas preperiod acute myocardial infarction and ischemic stroke were each associated with greater likelihood of 30-and 60-day all-cause readmissions.
Finally, results of the generalized linear gamma models of total health care costs controlling for patient demographics and clinical characteristics revealed that, compared to DPI patients, pMDI patients incurred lower all-cause ($2,673 vs $2,956) and COPD-related PPPM costs ($138 vs $169; P,0.05; Figure 3 ) during the postperiod. The presence of baseline acute myocardial infarction was associated with greater all-cause and COPD-related costs, whereas baseline SABA use and a greater number of visits to a pulmonologist were associated with increased COPD-related costs (P,0.05).
Discussion
This study demonstrated that patients prescribed a pMDI to deliver an ICS/LABA combination therapy after hospitalization for COPD had 10% lower all-cause health care costs and 18% lower COPD-related health care costs compared to patients prescribed a DPI. This was despite greater baseline disease severity of the pMDI cohort, as indicated by a greater number of AECOPD-related in-patient hospitalization days, outpatient pulmonologist visits, and SABA prescriptions filled prior to the index hospitalization. Mutivariate analysis was used to control for these baseline differences in indicators of disease severity. Notably, COPD-related prescription costs were lower for the pMDI cohort, potentially due to the lower percentage of pMDI patients being prescribed tiotropium-based medications. Patients using tiotropium alone delivered by soft-mist inhaler or DPI or in combination with olodaterol delivered by soft-mist inhaler (Respimat, Boehringer Ingelheim microParts GmbH, Dortmund, Germany) concurrent with their index hospitalization were excluded from the current analysis to avoid confounding the comparison between DPI and pMDI delivery of ICS/LABA.
The multivariate analysis revealed a lower frequency of AECOPD readmission within 60 days for the pMDI cohort, and this was confirmed by Kaplan-Meier curves and multivariate analysis comparing time to first readmission within 60-day postdischarge. Although the pMDI cohort had a lower frequency of readmission and longer times to readmission, the differences between groups were not statistically significant for any of the evaluated allcause readmission outcomes or the AECOPD readmission outcomes evaluated at 30 days. We hypothesize that this is due to an inability to adequately control for the differences in COPD severity between groups without access to spirometry results. Several covariates (preindex SABA fills, AECOPD inpatient days, and pulmonologist visits) were chosen as surrogate markers of disease severity based on the descriptive analysis; however, none of these are a direct measure of lung function. Also, two variables controlling for differences in pre-existing cardiovascular disease between groups were included in the models. The observed lag in statistical significance of AECOPD readmission outcomes is consistent with the hypothesis that the selected covariates were unable to completely account for differences in disease severity and overall health.
In this study, patients in the pMDI cohort were significantly more likely to have had recent experience with their index device type. This may be due to the larger number of formulations available in this format, the lower cost of pMDI devices, or their common use in rescue inhalers. 27 Concurrent use of multiple device types has been shown to negatively impact patient outcomes as has nonconsensual switching of device types. 17, 28, 29 To control for the possibility that device continuity contributed to the improved outcomes observed in the pMDI cohort, preindex experience with the index inhaler type was included as a covariate in the multivariate modeling. It is notable that the difference in time to AECOPD readmission within 60 days did not become statistically significant until preindex device utilization was added as a covariate. This highlights the impact of real-world experience with an inhaler type on health outcomes.
One confounding factor to the above results is the difference in medication formulations between groups. Although we restricted our analysis to those patients newly prescribed an ICS/LABA combination therapy, manufacturer and regulatory restrictions created the scenario in which no formulations are available in the USA for the treatment of COPD in both device types. FP/SAL is available in both delivery devices; however, the pMDI format is only approved for use in asthma. 30 Although medications from the same class are anticipated to perform similarly, 24, 31 the impact of the absence of formulations or combinations in either group is unknown. In addition, our analysis did not include patients using ICS and LABA monotherapies in combination. This decision was made to avoid additional confounding factors as LABA monotherapy is not available in a pMDI format, and ICS monotherapy is only available through off-label usage of asthma products. Furthermore, neither monotherapy is recommended for patients with previous hospitalizations for AECOPD. 14 There are a number of studies that have examined the cost-effectiveness of various COPD medications, with the frequency of AECOPD-related hospitalizations being the primary driver of costs. [32] [33] [34] Analysis of the 3-year multicenter Towards a Revolution in COPD Health study of 6,112 participants found that the ICS/LABA combination of FP/SAL was more cost-effective than placebo or either treatment alone. 32 In that study, all medications were delivered via DPI. 35 A 2005 systematic review of COPD and asthma clinical trials by the American College of Chest Physicians and the American College of Asthma, Allergy, and Immunology, which relied heavily on data from LABA studies, found no significant difference in clinical outcomes between device types. 36 However, patients can only be included in clinical trials if they are able to use the study device correctly so these results cannot necessarily be extrapolated to real-world performance. Limited data exist from real-world practice regarding if and how the choice of inhalation device impacts outcomes in COPD; however, a 2011 retrospective matched cohort study of asthma patients (N=1,567 pairs) reported that pMDI users had significantly higher odds of achieving asthma control and treatment success (ie, no exacerbations and no change in therapy) compared to DPI users. 37 In addition, although it is known that use of inhalers containing ICS increases a patient's risk of developing oral thrush, 38 two recent real-world studies have reported that pMDI use is associated with a lower risk of thrush compared to DPI use. 39, 40 The findings of this study are consistent with those of the only other real-world observational study on the impact of inhaler type on ICS/LABA control of AECOPD. 25 In that matched cohort study by Jones et al, patients treated with a 500 µg/day dose of FP/SAL delivered via pMDI had fewer moderate-to-severe exacerbations than patients using a DPI. This effect was not present at the higher dose of 1,000 µg/day of FP/SAL. The authors hypothesized that the higher dosage compensated for any problems in minimum effective dose delivery due to suboptimal peak inspiratory flow for DPI usage. The study did not evaluate costs; however, hospitalization for AECOPD has been shown to be a leading driver of high costs in COPD treatment. Two possible reasons why pMDIs may be more effective than DPIs are that peak inspiratory flow rates have been shown to be lower during an AECOPD, which may reduce the efficacy of DPIs immediately following an exacerbation, 41 and some DPIs are sensitive to environmental moisture, which reduces the delivery of fine aerosol particles. 42, 43 Previous studies have demonstrated that the claims-based approach of combining advanced age ($40 or $55 years old) and a primary discharge diagnosis of AECOPD (ICD-9-CM 491.21) to identify patients hospitalized for AECOPD has a positive predictive value of 97% compared to manual chart review by a physician. 44, 45 However, this selectivity for truepositive patients comes at the expense of excluding a large number of patients with the symptoms of an AECOPD but a different discharge code (sensitivity =12.5%). Stein et al 44 tested three other algorithms but found them to be inferior in performance and recommended the algorithm above for comparative effectiveness research.
Second, this study was limited to individuals in the US with commercial or employer-sponsored Medicare supplemental insurance; therefore, the results may not be generalizable to patients outside the USA, or US patients with other insurance coverage or no coverage who may experience different patterns of health care utilization and costs. Third, the costs represented in these databases reflect the paid amounts of adjudicated claims to individual hospitals and providers and do not include indirect costs, which are a substantial portion of the economic burden of COPD. Fourth, claims data only indicate that a prescription was filled and not that the medication was utilized as directed. Additionally, medication obtained without a concomitant insurance claim, such as samples from health care providers, or delivered in a clinical trial, would not be captured in the databases. Fifth, not all medication formulations were available with both inhaler types, so the comparisons are between different formulations and different devices. Additionally, the dosage of the ICS/LABA medication was not assessed in this study, and so unmeasured differences in medication dosage may have contributed to observed differences between groups. Sixth, only patients using DPIs or pMDIs were included in the analysis, so these results may not extend to patients using other types of inhalers such as a soft-mist inhaler. Inclusion of soft-mist inhalers would have complicated the analysis by both adding another device type and requiring inclusion of monotherapy combinations due to the lack of an ICS/LABA combination in this format. Seventh, this study excluded patients aged ,40 years, those with asthma-COPD overlap syndrome, those with other major respiratory diseases, and those who had filled a prescription for a tiotropium medication in the 90 days leading up to the index date. The findings, therefore, may not extend to these populations. Finally, multivariate analysis was used to control for differences in baseline demographic and clinical characteristics and several known factors that influence device selection, such as spirometry results, are not captured in administrative claims and therefore could not be controlled for.
Conclusion
In this real-world retrospective cohort study, US patients initiating ICS/LABA combination therapy delivered by a pMDI after discharge from the hospital for an AECOPD had lower all-cause and COPD-related health care costs in the 90-day follow-up period despite having more severe disease during the preindex period, compared to those receiving a DPI. Reduced follow-up costs suggest that inhaler device type may influence COPD outcomes and that COPD patients may derive greater clinical benefit from treatment delivered via pMDI vs DPI, although this requires confirmation by future prospective studies.
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